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Introduction
Recently, indium has attracted a great interest due to the important role it plays in modern display technologies (production of TVs, PCs, mobile phones, car navigation systems, electronic paper devices, etc.), solar energy industry and semiconductor manufacturing. At the same time, indium is a very rare (30 times less abundant than uranium) and dispersed element [1] [2] [3] [4] . The total known indium reserves (proven and probable, measured and indicated, and inferred) are estimated to be only 49 000 tonnes [5] . Having in mind the bullish tendency of its usage (1500 tonnes for 2011) [5] there is an opinion that the world will soon run out of indium. In order to ensure a long-term indium supply, new mining investments and appropriate recycling procedures are required [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . In relation to this is the importance of studying new compounds which are prospective for the development of reliable procedures for its extraction, separation and sensitive determination.
It is known that indium forms chloroform extractable intensively colored ternary complexes with 4-(2-pyridylazo) resorcinol (PAR) and tetrazolium salts: 2,3,5-triphenyl-2H-tetrazolium chloride [17] , 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide [17] , 2-(4-iodophenyl-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride [18] , Tetrazolium violet [18] and Neotetrazolium chloride [19] . Ion-association and liquid-liquid extraction of indium(III)-PAR anionic chelates [17] [18] [19] (Table 1) are commercially available compounds , (Log K ex =10.9, Log β=9.8, Log K D =1.12, R%=92.7%). Several additional characteristics concerning its application as extraction-spectrophotometric reagent were calculated: limit of detection (LOD = 0.12 μg cm ) and Sandell's sensitivity (SS =1.58 ng cm -2 ); Beer's law is obeyed for In(III) concentrations up to 3.2 μg mL -1 with a molar absorptivity coefficient of 7.3×10 4 L mol -1 cm -1 at λ max =515 nm.
with recent applications such as photo-and radiationsensitive materials [20] [21] [22] , corrosion inhibitors [23, 24] and important tools in cell biology [25, 26] , medicine [27] [28] [29] and analytical chemistry [30] [31] [32] [33] . They differ only by the number of -NO 2 groups (N NO2 ) in their cationic parts (Table 1) and this fact makes them suitable for drawing conclusions about the influence of -NO 2 on the stability, extractability and other characteristics of the formed ionic associates [34, 35] . In the present paper, we share our results obtained during liquid-liquid extractionspectrophotometric investigations on systems containing indium(III), PAR, MBT, water and chloroform.
Experimental procedure

Reagents and apparatus
The stock indium(III) solution (100 mL) was prepared by mixing anhydrous InCl 3 from Alfa Aesar GmbH & Co KG (99,99% metal basis, Karlsruhe, Germany; ca. 0.2000 g), 5 mL 1:1 HCl and distilled water. Working solutions (C In(III) =1×10 -4 mol L -1 ) were prepared by diluting appropriate volumes of the stock solution [17] [18] [19] . Aqueous 2×10 -3 mol L -1 solutions of the reagents PAR (Sigma-Aldrich Chemie GmbH, Steinheim, Germany), BTC (Sigma-Aldrich Chemie GmbH), NBT (Merck KGaA, Darmstadt, Germany) and TNBT (Sigma-Aldrich Chemie GmbH) were used. The organic solvent was chloroform (redistilled). The acidity of the aqueous medium was set by the addition of buffer solution, prepared by mixing 2 mol L -1 aqueous solutions of CH 3 COOH and NH 4 OH and the resulting pH was checked by HI 83140 pH meter (Italy). A Camspec M508 spectrophotometer (United Kingdom), equipped with 10 mm path-length cells, was employed for reading the absorbance.
Procedure for establishing the optimum operating conditions
Aliquots of In(III) solution, PAR solution (up to 3 mL), MBT solution (up to 3.0 mL) and buffer solution (2 mL; pH ranging from 5.8 to 9.5) were introduced into 125-mL separatory funnels. The resulting solutions were diluted with distilled water to a total volume of 10 mL. Then 10 mL of chloroform was added and the funnels were shaken for 0.5-5.0 min. A portion of the organic extract was filtered through a filter paper into a cell and the absorbance was read against a blank.
Procedure for determination of the distribution constants
The distribution constants K D was found from the ratio K D = A 1 /(A 3 -A 1 ) where A 1 is the light absorbance obtained after a single extraction (at the optimum operating conditions -see Table 2 ) and A 3 is the absorbance obtained after a triple extraction under the same conditions. The single extraction and the first stage of the triple extraction were performed with 10 mL chloroform. The organic layers were transferred into 25-mL calibrated flasks and the flask for the single extraction was brought to volume with chloroform. The second stage of the triple extraction was performed by adding a 7-mL portion of chloroform to the aqueous phase, which remained after the first stage.
The third stage was performed in the same manner. The two successive organic layers were transferred to the flask containing the organic layer obtained after the first stage. The volume was brought to the mark with chloroform and shaken for homogenization. Absorbances A 1 and A 3 were measured against a blank [17] [18] [19] . 
Results and discussion
Absorption spectra and effect of pH
Spectra of the extracted in chloroform ternary In(III)-PAR-MBT complexes are shown in Fig. 1 . They are characterized by main absorption maxima at 515 nm and shoulders at about 540 nm. A comparison between the obtained spectral curves shows that the main difference is in terms of absorptivity. The complex with BT (the tetrazolium salt which do not contain a -NO 2 group) absorbs light most intensively (curve 1). Another advantage of the system with participation of BT is the widest pH range of maximum extraction ( Fig. 2 and Table 2 ).
Effect of reagents concentratios
The effect of PAR and MBT concentrations on the absorbance of the extracted species is illustrated in Fig. 3 and Fig (Fig. 4) . Higher MBT concentrations have no effect on the absorbance, but could increase the experimental scatter.
Effect of the order of reagents addition
The order of reagents addition is of importance for colour development. A change of the order suggested in Sec. 2.2 (In, PAR, MBT and buffer), e.g. introducing the buffer between In(III) and PAR, may bring about a sharp decrease in the absorbance values.
Effects of shaking time and waiting time after the extraction
The effect of shaking time on the extraction is shown in Fig. 5 . One can conclude that the extraction equilibria are reached for about a minute. In order to ensure maximum extraction, even under non-optimum conditions, we shaked in our further experiments for 1.5 min (In-PAR-BT system) or 2.0 min (In-PAR-NBT and In-PAR-TNBT systems). Under optimum conditions, the colouration of the extracts remains constant for at least an hour at room temperature. In ( ; pH=8.5 (curves 1,1',2,2') or pH=8.3 (curves 3,3').
Phenylmethoxybis(tetrazolium) ion-association complexes with an anionic indium(III) -4-(2-pyridylazo)resorcinol chelate , λ=515 nm, pH=8.5 (curves 1 and 2) or 8.3 (curve 3).
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Composition of the complexes, suggested formulae and reaction scheme
The molar PAR-to-In(III) and MBT-to-In(III) ratios were determined by the mobile equilibrium method [36] (Fig. 6 ) and the Asmus method [37] ( (Fig. 7) and . The distribution constants K D were calculated from the absorption values obtained after single and triple extraction as described in Sec. 2.3. The extraction constants K ex and recovery factors R% were calculated by the formulae K ex =K D ×β and R%=100K D /(K D +1). All experiments were performed at room temperature of ∼22°C and the calculations carried out at a probability of 95 %. The obtained values are presented in Table 5 .
The Komar-Tolomachev method (Fig. 7 ) also allows to calculate the true molar absorptivities of the complexes. The obtained values agree well with those obtained from Beer's law (Table 5) ; this is an indication for the absence of serious side-reactions [43] .
3.7.
The negative influence of nitro group(s) containing substituents in the tetrazolium ring on the stability , λ=515 nm, pH=8.5 (curves 1 and 2) and 8.0 (curve 3). 3, 
tetrazolium chloride (Tetrazolium violet); INT -2-(4-iodophenyl-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride; NT -3,3′-(4,4′-Biphenylene) bis(2,5-diphenyl-2H-tetrazolium chloride
of tetrazolium ion-association complexes has been reported in several investigations [32, 34, 35, 38, 46, 47] . An opinion has been expressed in [34] that a linear relationship exists between Log K ex (or Log β) and the number of -NO 2 groups (N NO2 ) included in MBT 2+ : the higher N NO2 , the lower Log K ex (or Log β). This opinion has been developed further thanks to previous results [35] , which show that the slope of the obtained straight line is an important characteristic governing the possibility of existence of ternary complexes with the same composition when MBT 2+ is BT 2+ , NBT 2+ or TNBT 2+ .
The results obtained in the present investigations showed that all examined complexes have the same composition, (MBT) 2 [In(OH) 3 (PAR) 2 ], and this is in accordance with the calculated small slope (a=−0.25) of the straight line describing the relationship Log β = f(N NO2 ) (straight line 2, Fig. 8 ). It could be concluded from Phenylmethoxybis(tetrazolium) ion-association complexes with an anionic indium(III) -4-(2-pyridylazo)resorcinol chelate and N NO2 is very small (a=−0.05; CC=−0.9966). The considerably higher slope in the present investigations (a=−0.40; straight line 3, Fig. 8 ) probably could be attributed to the hydrolysed nature of the extracted species.
3.8.
The results shown in Table 5 suggest that BT is the best MBT for liquid-liquid extraction-spectrophotometric determination of In(III). This tetrazolium salt is also better in terms of sensitivity and extractability than 2,3,5-triphenyl-2H-tetrazolium chloride
[18] and 3,3'-(4,4'-biphenylene)bis(2,5-diphenyl-2H-tetrazolium chloride) (ε'=7.0×10 4 L mol -1 cm -1 , R=85.0%) [19] . That is why some additional investigations on the In(III)-PAR-BT-water-chloroform system were performed. It was found that at the optimum operating conditions (Table 2) Beer's law was valid up to the In(III) concentration of 3.2 μg cm −3 . The slope (a), intercept (b), and correlation coefficient (CC) of the obtained straight line were a=0.607±0.006, b=0.009±0.011 (95% probability) and CC=0.9993. The limits of detection (LOD) and quantification (LOQ) were calculated as 3 times and 10 times the standard deviation SD(y): LOD=0.12 µg cm −3 and LOQ=0.40 µg cm −3 . The Sandell's sensitivity (SS) and apparent molar absorptivity (ε') were SS=1.58 ng cm -2 and ε'=7.3×10 4 L mol −1 cm −1 . The relative standard deviation (RSD) for five independent samples containing 0.7 μg mL -1 of In(III) was calculated to be 0.86%.
Conclusions
The results obtained suggest the following conclusions: 1) Indium(III) forms ternary ion-association complexes with 4-(2-pyridylazo)resorcinol and the phenylmethoxybis(tetrazolium) salts BT, NBT and TNBT. The complexes have the same composition (In:PAR:MBT=1:2:2) and wavelength of maximum absorption (λ max =515 nm), but different stability, extractability and molar absorptivity.
2) With increase of the number of nitro groups in MBT 2+ (N NO2 ), the stability, extractability and molar absorptivity of the formed ionic associates decrease. Well defined negative linear relationships exists between N NO2 and Log K ex (CC=−0.9990), N NO2 and Log β (CC=−0.9449) and N NO2 and Log K D (CC=−0.9649).
3) The BT appears to be the best phenylmethoxybis(tetrazolium) salt for extraction and spectrophotometric determination of indium due to the following reasons: i) Highest stability (Log β=9.8) and extractability (Log K ex =10.9, R=92.7%) of the ionic associate; ii) Highest molar absorptivity (ε' = 7.3×10 4 L mol -1 cm -1 ); iii) Widest pH-interval of maximum extraction (7.5-9.0); and iv) Lowest price. 
